Eukaryote genomes contain multiple copies of nuclear ribosomal DNA (nrDNA) harboring both highly conserved and variable regions. This has made nrDNA the most popular genetic marker for phylogenetic studies and the region of choice for barcoding projects. Furthermore, many scientists believe that all copies of nrDNA within one nucleus are practically identical due to concerted evolution. Here, we investigate the model plant species Arabidopsis thaliana for intragenomic variation of the internal transcribed spacer (ITS) region of nrDNA. Based on a modified deep sequencing approach, we provide a comprehensive list of ITS polymorphisms present in the two most widely used accessions of A. thaliana-Col-0 and Ler. Interestingly, we found that some polymorphisms are shared between these genetically very distinct accessions. On the other hand, the high number of accession-specific polymorphisms shows that each accession can be clearly and easily characterized by its specific ITS polymorphism patterns and haplotypes. Network analysis based on the detected haplotypes demonstrates that the study of ITS polymorphism patterns and haplotypes is an extremely powerful tool for population genetics. Using the methods proposed here, it will now be possible to extend the traditionally species-bound barcoding concept to populations.
Introduction
The internal transcribed spacer (ITS) region is part of the nuclear ribosomal DNA (nrDNA) ( fig. 1a ) encoding ribosome subunits in eukaryotes and one of the most widely used molecular markers for phylogenies of plants, animals, and fungi (e.g., Schlötterer et al. 1994; Baldwin et al. 1995; Alvarez and Wendel 2003; Weider et al. 2005; Bailey et al. 2006; Jones et al. 2011) . The length of the ITS region varies between approximately 500-700 bp in angiosperms and 1,500-3,700 in some gymnosperms (Calonje et al. 2009 ). About 75,000 embryophyta, ITS sequences have been provided so far (Calonje et al. 2009 ). The ITS region comprises both highly variable parts, namely ITS1 and 2, and the more conserved 5.8S gene in between. Thus, it is now used for barcoding plants and animals (Yao et al. 2010 ) and will most likely become the primary barcode region for fungi (Eberhardt 2010) . nrDNA is present in several dozens to thousands of copies in plants (Prokopovich et al. 2003) , which simplifies amplification by polymerase chain reaction (PCR). Most authors consider nrDNA to evolve strictly concertedly (e.g., Ganley and Kobayashi 2007; Volkov et al. 2007 ). This means that newly introduced mutations are either quickly eliminated or distributed over all copies by gene conversion and/or unequal crossing over. Thereby, the pool of nrDNA repeats becomes homogenized. However, increasing evidence suggests that this process may not always be as fast as commonly assumed (Campbell et al. 1997; Muir et al. 2001; Pawlowska and Taylor 2004; Simon and Weiß 2008; James et al. 2009; Xiao et al. 2010) . There is some indication that both distinct ITS types and polymorphism patterns are population specific (Feliner et al. 2004) and may allow backtracing the origin of gene flow and hybrids (Campbell et al. 1997; Muir et al. 2001) . Consequently, ITS polymorphisms may be highly informative for phylogenetic analyses and population genetics (Baldwin et al. 1995) .
Here, we test the hypothesis that intragenomic ITS polymorphism patterns and haplotypes are precise markers for characterizing different populations of the same species. Thereby, we wanted to see if the concept of barcoding species using multicopy markers such as ITS can be transferred to the level of populations when employing ultradeep sequencing technology. To generate in-depth data for intragenomic ITS variations, we chose the model organism Arabidopsis thaliana. This plant species contains about 1,500 ITS copies per diploid nucleus (Copenhaver and Pikaard 1996; Zoschke et al. 2007 ), which provides a large pool for mutations and thus the potential formation of various ITS haplotypes.
Arabidopsis thaliana is predominantly selfing. Thus, populations, which are called accessions or ecotypes in Arabidopsis research, are practically homozygous (Koornneef et al. 2004 ). It was shown that different accessions harbor characteristic polymorphisms in protein-coding genes, which may result in distinct phenotypes (Schmid et al. 2003; Nordborg et al. 2005; Clark et al. 2007; Ossowski et al. 2008 ). However, whole-genome studies usually exclude highly repetitive sequences such as nrDNA due to positioning and alignment problems with current sequencing technologies (e.g., The Arabidopsis Genome Initiative 2000; Ossowski et al. 2008 Ossowski et al. , 2010 . Thus, information about intragenomic nrDNA polymorphisms from whole-genome projects is scarce. To fill this gap, we specifically amplified the ITS region from the two accessions Col-0 (the reference genome) and Ler, which are genetically very distinct (Schmid et al. 2003; Koornneef et al. 2004; Nordborg et al. 2005; Clark et al. 2007; Ziolkowski et al. 2009 ). Furthermore, Col-0 and Ler are the most widely used accessions in Arabidopsis research. In contrast to past approaches, which often used technologies yielding rather short sequences, we applied 454 pyrosequencing. This allowed us to generate high-quality reads about 400 bp in length. Our results show that the two populations are indeed characterized by distinct intragenomic ITS polymorphism patterns and haplotypes. This method may thus be used for barcoding populations.
Materials and Methods
Plant Material, DNA Extraction, PCR, and Sequencing
The reference sequence for Col-0 was taken from GenBank (X52322) and equals the consensus sequence obtained during this study. Seeds for Col-0 and Ler were kindly provided by E. van der Graaff. Plants were grown in a climatic exposure test cabinet with following day/night conditions: 8 h light, 24°C/16 h dark, 22°C. Two leaves from each individual plant were harvested and immediately frozen in liquid nitrogen. After DNA isolation according to the cetyltrimethylammonium bromide method (Rogers and Bendich 1985) , PCR was performed with Phusion highfidelity DNA polymerase (Finnzymes, Thermo Fisher Scientific, Finland), High Fidelity buffer, and the following primers, ITS1 and 2, dark gray: 5.8S. Primer annealing sites are marked by underlined blue letters (bright blue: first 454 run, dark blue: second run). Conserved ITS motifs (Liu and Schardl 1994) are marked by underlined bold black letters. Italic letters in red boxes denote polymorphic sites located during both 454 runs. Simon et al. · doi:10.1093/molbev/mss093 MBE in which the first 21 nt consist of either the titanium forward or reverse primer, the next 4 nt denote the 454 library key sequence followed by a 10-nt MID (barcoding) sequence, and the remaining bases comprise the target sequence (slightly modified from Yang et al. 1999 PCR conditions were as follows: 98°C/5 min initial denaturation, 98°C/1 min denaturation, 68°C/1 min annealing, 72°C/1.5 min extension, and 72°C/10 min final extension (35 cycles). Successful amplification was checked on an agarose gel. Bands were excised, eluted, and purified with a Nucleospin kit (MachereyNagel, Düren, Germany). Purified PCR products were test sequenced with a BigDye terminator v3.1 cycle sequencing kit (Applied Biosystems, Carlsbad, CA) using standard conditions. Sequences were analyzed using Sequencher v4.10.1 (GeneCodes, Ann Arbor, MI). All PCRs yielded high-quality sequences. PCR products were further quality controlled using an Agilent 2100 Bioanalyzer (Agilent Life Sciences and Chemical Analysis, Santa Clara, CA) and then directly used for 454 sequencing using the Titanium chemistry 
Second Run
For the second run, only the core region of the ITS was amplified and sequenced using the following primers and PCR conditions as above: Reads were collected from both sequencing runs. For the first run, we used the full amplicon length of 889 bp (whole ITS region) and for the second, only the central 411 bp (core ITS region) (see fig. 1 ). As the amplicon length for the first sequencing run was longer than the average sequencing read, we had to change the default (standard) quality filtering parameters of the GS FLX Titanium amplicon signal processing pipeline. The default amplicon signal processing pipeline rejects reads with different lengths, including the ones ending sequencing before the last (800th) flow. The new settings (vfBadFlowThreshold 5 2 and vfLastFlowToTest 5 480) allowed for longer and different length quality reads while preserving amplicon signal processing assumptions. This enabled us to extract the maximal number of high-quality reads suitable for the downstream analysis. The decision for an additional second sequencing run covering only the core ITS region was based on results of the first run since a large number of putatively false positive polymorphisms were registered due to alignment problems.
For polymorphism detection and quantification, we used the GS Amplicon Variant Analyzer v.2.5.3 from the 454 Life Sciences Corp. (www.454.com). During the computation, several steps were carried out to enable high-confidence variant prediction. These included sequence trimming, demultiplexing, and multiple alignment of the reads to the reference sequence with primers included. The use of the primers in the first alignment step provides a better alignment context, which results in a more sensitive and accurate alignment. The software has a limitation to be able to automatically detect only substitution (single nucleotide polymorphism, SNP) and block deletion (.3 bp) variants. Therefore, we established an additional analysis pipeline to search for indels. In the first step, we converted the raw sff sequencing files, which is the 454 binary sequence data format, into Sanger fastq format (Indraniel Das, The Genome Center at Washington University). In the next step, the reads Accession-Specific ITS Haplotypes in Arabidopsis · doi:10.1093/molbev/mss093 MBE were aligned to the reference sequence of the whole ITS region using SSAHA2 aligner with the parameter 454 for pyrosequencing reads (Ning et al. 2001 ). Additional conversion, sorting and pileup procedure were conducted with SamTools (Li et al. 2009 ). In the last step, variant calling was done with java software VarScan (Koboldt et al. 2009 ). VarScan calls variants (SNPs and indels) using a heuristic method and a statistical test based on the number of aligned reads supporting each haplotype.
If PCR or sequencing errors are, by chance, multiplied and thus occur in many reads, this will result in false positive polymorphisms. Therefore, we decided to consider only those polymorphisms as ''true,'' which occurred in at least two individuals. We did not find polymorphisms occurring in only one sample of one accession and one sample of the other. Instead, polymorphisms were either found in both individuals of one accession or all four individuals analyzed. Additionally, all final SNPs and the indel were manually inspected in the 454 alignment with the GS Amplicon Variant Analyzer Software.
Haplotype Network Analysis
For network analysis, an alignment of haplotype reads covering the core ITS region in the second 454 run was created using Sequencher v4.10.1 with the following method: pSNPs, which were regarded false positive, were changed to the consensus state in their reads until only unequivocal polymorphisms were present. Identical reads were merged. This resulted in 46 haplotypes (including the Col-0 consensus reference sequence with no polymorphisms). The three base indel was then condensed to one base to assure equal weighing of all positions and the alignment reduced to the ten positions (ten pSNPs) unequivocally displaying polymorphisms in some or many reads. The obtained 10-bp sequences were subsequently transformed into a binary code in the programme Network 4.6.0.0 (Bandelt et al. 1999) : While the reference sequence was coded with ''0'' at all positions, all other sequences were characterized by ''1'' at those positions where they carried alternative nucleotides. All positions were given equal weight. The obtained haplotype nodes in the resulting network were colored according to their occurrence in either Col-0 or Ler or both.
Accession Numbers
The sequence data from this study have been submitted to the NCBI Sequence Read Archive (SRA) (http://www.ncbi.nlm.nih.gov/Traces/sra/sra.cgi) under accession no. SRA043797. Individual sample accession numbers are given in supplementary table S2 (Supplementary Material online).
Results
Number, Type, and Location of Polymorphisms Sequencing was performed in two steps. For the first run, the whole ITS region including the 3#-end of the gene coding for the small subunit of the ribosome (SSU) and the 5#-beginning of the gene coding for the large subunit (LSU) was sequenced from two individuals each from Col-0 and Ler. This resulted in an 889 bp amplicon ( fig. 1b ) covered by 62,030 reads in total with an average length of 446 bp after trimming. Subsequent to aligning 130 putative partial SNPs (pSNPs; meaning SNPs that are not present in all reads as defined by James et al. 2009 ) were found. However, most of these were located in the amplicon centre. Since only few reads were long enough to cover that area many of these polymorphisms were considered false positives due to misalignment. Therefore, we decided to resequence the central 411 bp in which most of the putative pSNPs were situated. The second complementary run yielded 526,007 high-quality reads with an average length of 402 bp after trimming and 9 pSNPs. Coalignment of the data generated from both runs identified several false positives. Including the sufficiently covered areas at the 5#-and the 3#-end of the long amplicon overall 12 pSNPs were found. Four pSNPs were shared between accessions, one was Col-0 specific, and seven were Ler specific (table 1  and fig. 2 ). One of these was located in the 3#-end of the SSU, six in ITS1 with one present in an angiosperm-wide conserved motif (Liu and Schardl 1994) , two in the 5.8S gene, and three in ITS2. Transitions (eight) prevailed over transversions (four) (table 1), which is in agreement with previous work (Simon and Weiß 2008; James et al. 2009 ). Related to amplicon length, 2.2% of all sites were polymorphic in ITS1 (268 bp), 1.2% in the 5.8S gene (164 bp), and 1.6% in ITS2 (187 bp). While seven polymorphisms were found in only few reads, five occurred in 5-50% of all reads ( fig. 2 and supplementary table S1 , Supplementary Material online). In addition to the 454 Amplicon Variant Analyzer software, we used VarScan (Koboldt et al. 2009 ) to search for small insertions or deletions (indels). The only indel found was a three base insertion (þTCA) at position 450 in ITS2 ( figs. 1 and 2 and supplementary fig. S1 , Supplementary Material online). It was present in all individuals and is thus probably ancient. Ti  Tv  Tv  Ti  Ti  Tv  Ti  Tv  Ti  Ti  Insert  Ti  Ti NOTE.-Red: Col-0-specific polymorphisms, blue: Ler-specific polymorphisms, black: polymorphisms found in both accessions. Insert 5 insertion, Ti 5 transition, Tv 5 transversion. Positions are set in relation to the first base of ITS1 as starting point (see fig. 2 ).
Simon et al. fig. S1 and table S1, Supplementary Material online). Col-0 had 7 specific haplotypes, Ler had 30, and 8 types were found in both accessions ( fig. 3 and supplementary table S1, Supplementary Material online). The majority of shared haplotypes occurred with similar frequencies in Col-0 and Ler with two exceptions: Haplotype 110 was found about four times more often in Col-0 than in Ler, whereas haplotype 610 occurred roughly three times more often in Ler than in Col-0. Many haplotypes with more than one alternative nucleotide were present in only very small numbers (supplementary table S1, Supplementary Material online). For haplotype network analyses, we used Network 4.6.0.0 (Bandelt et al. 1999) . Applying the median-joining network calculation with the constraint criterion ''connection cost,'' a network resulted with 45 estimated mutations for the shortest tree. The network shows that there is a clear distinction between haplotypes occurring in Col-0 and those belonging to Ler ( fig. 3 ): Whereas the vast majority of haplotypes were Ler specific and had several interconnections (equaling one gain or loss of a polymorphism), the Col-0-specific haplotypes 1510, 15, 510, and 5 formed a separate group. Haplotypes 1, 6, 7, 10, 16, 110, 610, and 1610 were present in both accessions and also clustered together, even though Col-0-specific haplotypes carrying the polymorphism 411 (type 7) were interspersed among them. The reference sequence was situated at the border between all three groups. Haplotype 110, which was found more often in Col-0, is located close to the Col-0-specific group carrying polymorphism 247 (haplotype 5). Haplotype 610, which occurred more often in Ler, had no direct link to any Col-0-specific haplotype but was linked to the Ler-specific haplotype 3610. In supplementary figure S2 (Supplementary Material online), we plotted the frequency of occurrence on the Col-0 subnet. Two findings deserve closer attention: 1) Col-0 haplotypes with single alternative nucleotides also present in Ler (haplotypes 1, 6, 7, and 10) all occurred at higher frequencies than all Col-0-specific haplotypes. 2) Haplotype 7 was present in both accessions but was found in combination with other polymorphisms in Col-0 only.
FIG. 2.
Position, type, and relative occurrence of alternative nucleotides and indels in the ITS region of Arabidopsis thaliana. ''0'' marks the beginning of ITS1. The left letter below the position number denotes the consensus base, the right one the substitution or insertion. The occurrence of nucleotides alternative to the consensus variant is given in percentage of high-quality forward (for) and reverse (rev) reads in relation to total reads covering a particular position and shown separately for each individual (Col-0 1 and 2, Ler 1 and 2). Polymorphisms at positions (À99), 497 and 591 data were detected in the first 454 run, which covered the entire ITS region but had low coverage of the central part. The latter was thus analyzed in a second run with a smaller amplicon yielding all the polymorphisms in between. Frequency of polymorphisms starts with Col-0 individual 1 for each position. Green shade: the ten positions (bold) used for haplotype analysis.
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Discussion
Our study shows that each accession of A. thaliana has its characteristic pSNPs and combinations thereof, although some polymorphisms occur in both Col-0 and Ler. However, the fact that different pSNPs are present at very different frequencies indicates that they were acquired at different times or that some may mediate selective pressure to the carrier. Nevertheless, the observed differences in the frequency of occurrence for the different haplotypes could simply result from stochastic effects or because some nrDNA repeats escape homogenization, if they are positioned at the margins of the nrDNA loci.
Despite the fact that the two independently PCR-amplified and sequenced individuals from each accession showed an identical polymorphism pattern, we cannot rule out that some rare ITS copies may not have been amplified or may have been eliminated by the algorithms applied. Thus, it is possible that even more and other pSNPs might be present in the genomes of the analyzed Arabidopsis lines. On the other hand, we cannot rule out that rarely detected polymorphisms might be PCR-mediated errors or sequencing artifacts. Since it is highly unlikely that artifacts occur simultaneously in two or even four independent samples, we decided to include only polymorphisms present in at least two individuals. This procedure of quality control should thus provide real variations. pSNPs observed at low frequencies may have been introduced late during evolution and did not spread over many nrDNA repeats yet. Alternatively, they are very ancient and have become almost eradicated due to homogenization processes. Polymorphisms occurring in higher percentages could represent stages in between or even provide functional advantage to the carrier. One pSNP, which might become fixed, is the Ler-specific transition C/T at position 442, which was found in about 50% of all Ler reads. This pSNP was the only one discernable in electropherograms of directly cycle-sequenced PCR products (supplementary fig. S3 , Supplementary Material online).
Some polymorphisms and combinations thereof are shared between the two accessions Col-0 and Ler. This is particularly remarkable with haplotypes 16, 110, 610, and 1610 harboring two or even three alternative nucleotides. Apparently, both accessions have to some extent evolved independently but still share some haplotypes, which have withstood accession-internal homogenization. (Schmid et al. 2003 (Schmid et al. , 2006 Koornneef et al. 2004; Clark et al. 2007; Ziolkowski et al. 2009 ). This is mirrored by the large number of accession-specific ITS haplotypes. Yet, the relatively high number of polymorphisms and recombinant haplotypes shared between these distantly related accessions implies that homogenization of nrDNA is not complete in A. thaliana. This is in contrast to the observations of Ganley and Kobayashi (2007) who studied five fungal species for their nrDNA intragenomic variability. However, it agrees well with data from James et al. (2009) who analyzed nrDNA intragenomic polymorphisms in several strains of Saccharomyces cerevisiae.
It was surprising to see that Col-0 and Ler both possessed so many distinct haplotypes. Apparently, there has been little gene flow between the two accessions, which would otherwise have resulted in a much higher number of shared haplotypes. Accession-specific pSNPs and combinations thereof show that accessions can be characterized by specific intragenomic ITS polymorphism patterns and haplotypes. From a phylogenetic point of view, our results need not worry all those regarding the ITS region as pivotal for studying relationships between organisms. Even though the number of polymorphisms was relatively high, there was no effect on the ITS consensus sequence, which was identical for both accessions. Thus, the polymorphisms found in this work will have no effect on phylogenetic analyses based on consensus sequences. However, important information for the characterization of populations might be lost, if only the consensus sequence is taken without regarding potentially informative polymorphisms in the different nrDNA repeats.
The network analysis combined with frequency of occurrence for the Col-0 subnet (supplementary fig. S2 , Supplementary Material online) indicates some evolutionary trends: Col-0 haplotypes that bore a single alternative nucleotide also present in Ler all occurred at higher frequencies than Col-0 specific ones and are thus presumably older since they must have survived the splitting from Ler. An interesting case is seen with haplotype 7. Although present in both accessions, the responsible pSNP apparently did not recombine with other polymorphic sequences yet since no other Ler haplotype was found carrying this specific pSNP. On the other hand, there must have been some, albeit very little Col-0-specific recombination between haplotype 7 and types 1, 6, and 10. Yet, frequencies of these haplotypes were very low. A simple explanation could be that the responsible polymorphism (C/A at position 411) is located within the 5.8S gene and might thus be negatively selected. In almost all cases, frequencies of haplotypes decreased with the number of polymorphic sites. This excludes an evolutionary process whereby spontaneously created highly polymorphic sequences generate further haplotypes by loss of SNPs. Rather, polymorphic haplotypes seem to acquire alternative nucleotides via recombination and thus form new nrDNA variants.
One potential drawback of this study is that the roughly 1,500 nrDNA repeats in diploid A. thaliana are distributed among two loci, one on chromosome 2 and the other on chromosome 4, which are equal in length but differ in their responsiveness to the restriction endonuclease HindIII (Maluszynska and Heslop-Harrison 1991; Copenhaver and Pikaard 1996) . It might well be that some haplotypes are present on only one of those loci and might thus have escaped homogenization to a certain degree. However, even though recombination between heterologous chromosomes will most likely occur less frequently than between homologous ones, it has been shown for the fruit fly Drosophila that the number of polymorphisms is only slightly increased when nrDNA repeats are present on more than one locus (Stage and Eickbush 2007) . This means that homogenization takes place even between different chromosomes, which has also been demonstrated for cotton (Wendel et al. 1995) .
This study is, to our knowledge, first to thoroughly analyze intragenomic variation of the nuclear ribosomal ITS region in plants. It differs from earlier studies (e.g., The Arabidopsis Genome Initiative 2000; Ossowski et al. 2008; Ossowski et al. 2010) in two important aspects: 1) Whole-genome projects with plants have so far excluded nrDNA and other highly repetitive sequences because they are difficult to align. The overlapping long read amplicon sequencing approach taken here offers a solution to this problem.
2) The analysis of short reads (ca. 80 bp) in many whole-genome studies does not allow discrimination between ITS region-based haplotypes because in the case of multicopy loci, it is impossible to obtain short read contigs that only stem from one original sequence. Alternatively and much more often, cloning of PCR products is conducted (Schlötterer et al. 1994; Campbell et al. 1997; Simon and Weiß 2008; Xiao et al. 2010 ). This approach yields relatively large PCR fragments that can be analyzed by cycle sequencing and allow haplotype analysis. Yet, cloning is usually done with few clones only and hardly yields all polymorphic sequences present in a genome. This would require an extremely large number of clones to be analyzed (Simon and Weiß 2008) , which is very labor-and cost-intensive. In contrast, the amplicon sequencing approach presented here is sensitive enough to detect even very rare copies. Thus, it combines the advantages of whole-genome sequencing because of its practically complete coverage of all nrITS copies present in a genome with the possibility of haplotype analysis due to its long read length (ca. 400 bp).
The presence of specific polymorphisms within the ITS region of each Col-0 and Ler confirms data from A. thaliana protein-coding genes, which also show that different accessions may harbor distinct SNPs (The Arabidopsis Genome Initiative 2000; Clark et al. 2007; Ossowski et al. 2008 ). Yet, the analysis of ITS polymorphism patterns allows a much easier and more precise discrimination between populations. Using ITS1 and 2 instead of or in addition to protein-coding genes for studying relatedness between populations has an additional advantage: These spacers do not respond to selective forces to the same degree as coding regions. This distinguishes them from protein-coding genes, which may Accession-Specific ITS Haplotypes in Arabidopsis · doi:10.1093/molbev/mss093 MBE acquire the same mutations in isolated populations due to similar habitat conditions, in particular if such a mutation results in an increased fitness of the individuals carrying it. Polymorphism patterns in the ITS region could thus be used as extremely fine markers to decipher the phylogenetic history of and the gene flow between populations of a given species. In the case of A. thaliana, the study of intragenomic ITS polymorphisms could also be used for testing the hypothesis that populations of this species follow an ''isolation by distance'' pattern (Platt et al. 2010) rather than forming discrete units.
The analysis of intragenomic ITS haplotypes would also be much more effective in terms of work time and costs than the analysis of SNPs across the whole genome, which has been suggested for next-generation population genetics (Brumfield et al. 2003; Morin et al. 2004) . One potential drawback of using SNPs instead of microsatellites is that ''precise estimation and comparison of genetic variation among populations require a large number of SNPs relative to microsatellites because microsatellite loci typically have many alleles (;5 to 20), whereas two is the norm for SNP loci'' (Morin et al. 2004 ). Yet, nrDNA often consists of several hundred copies, thus providing a large number of potential ''alleles'' for which only one specific set of primers is required. It has been calculated that SNPs are normally spaced every 300-1,000 bp (Morin et al. 2004 ), but nrDNA in selected fungi (Simon and Weiß 2008) and A. thaliana (this study) displays many more polymorphic sites. The core ITS region analyzed here consisted of 411 bp with overall five polymorphisms in Col-0 and nine in Ler. Summed up, there is thus one polymorphic site every 82nd bp in Col-0 and every 46th bp in Ler, respectively. This should be more than sufficient for population marking. Haplotype analysis revealed an even more refined picture with seven haplotypes specific for Col-0 and 30 haplotypes specific for Ler. Intragenomic haplotype analysis of the ITS region is thus a very easy way to distinguish populations. Furthermore, SNPs have much slower substitution rates than microsatellite loci. This makes it less likely that population histories and relatedness between individuals are blurred because of recurrent substitutions at single sites (Brumfield et al. 2003) . Finally, distinct substitution patterns in a genetic region as pivotal as nrDNA might allow tracking of speciation although it currently remains unclear whether nrDNA polymorphisms are cause or consequence of this process. However, whether there really is a specific relationship between speciation and nrDNA polymorphisms needs yet to be explored.
The wider applicability of using nrDNA polymorphisms for comparisons of populations is shown in recent work about the fungus S. cerevisiae presented in Davey et al. (2010) . There, the authors used data sets from Liti et al. (2009) but specifically focused on the nrDNA. Their results can be found on the following websites: http://www.ncyc.-co.uk/cgi-bin/gbrowse/cerevisiae/ and http://www.ncyc.-co.uk/varbrowse.html. In both works, a large number of yeast strains from all over the world were analyzed. Based on SNP data obtained from whole-genome sequencing, Liti et al. (2009) showed a neighbor joining tree with both several clusters and strains placed distantly to all others. On the websites mentioned above (relating to the work of Davey et al. 2010) , one may choose to include all SNPs or pSNPs, insertions, or deletions only. The resulting phylogenies show that the analysis of nrDNA polymorphisms nicely reflects the results obtained from wholegenome comparisons. The reliability of using nrDNA polymorphisms for the comparison and characterization of different populations is thus proven by data sets from individual organisms as distantly related as plants (this study) and fungi (Liti et al. 2009 ). Consequently, wholegenome sequencing may not be required in those cases where phylogenies of populations are the only goal (i.e., in contrast to describing different phenotypes).
Conclusion
Taken together, our data demonstrate that the analysis of intragenomic ITS polymorphisms is an extremely powerful tool to distinguish between different populations of a single species and may even be used to estimate their relatedness: Populations that are more closely related to each other can be expected to carry similar polymorphisms while those more distantly related will exhibit distinct polymorphism patterns. This will be mirrored in their placement within the haplotype network. Finally, we have shown that the traditionally species-bound ITS barcoding concept can also be applied to populations.
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